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We report on the fabrication of high quality (1 1 1)-oriented ferrimagnetic normal
spinel CoCr2O4 epitaxial thin films on single crystal Al2O3 substrates. The struc-
tural, electronic and magnetic properties were characterized by in-situ reflection high
energy electron diffraction, atomic force microscopy, X-ray diffraction, X-ray photoe-
mission spectroscopy, SQUID magnetometry and element resolved resonant X-ray
magnetic scattering. The comprehensive characterization reveals that no disorder in
the cation distribution or multivalency issue is present in the samples. As a result,
Kagome´ and triangular layers are naturally formed via this specific growth approach.
These findings offer a pathway to fabricate two dimensional Kagome´ heterostructures
with novel quantum many-body phenomena by means of geometrical design.
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In the past few years, two dimensional (2D) Kagome´ lattices have attracted tremen-
dous interest in the pursuit of novel quantum phenomena. Many intriguing exotic quantum
states on this lattice have been predicted by theoretical calculations including topological
insulators1,2, spin liquids3,4, kinetic ferromagnetism5, spin Hall effect6, anomalous Hall effect
of light7, and chiral superconducting state8. However, the synthesis of a 2D Kagome´ lattice
is a quite challenging work. Several metal-organic hybrid compounds have been synthesized
by chemical methods and possess Kagome´ lattice but structural disorder and distortions re-
mained a persistent hinderance9,10. There is, however, an alternative approach to realize this
situation. Recently, epitaxial thin films and heterostructures have been grown along the (1 1
1) direction and this new control parameter which is referred as geometrical engineering, has
cultivated many novel systems with emergent properties11–13. Following the same approach,
it was pointed out that Kagome´ lattice can be obtained by artificially controlling the thin
film growth of a spinel type oxide (general formula AB2O4) along the (1 1 1) orientation
14.
Among many choices of spinel oxides, CoCr2O4 (CCO) is a prototypical candidate which
has been widely studied to exhibit interesting physical phenomena in the bulk materials
including conical spin states15–17, induced multiferroic behavior at low temperature18,19, and
an unconventional magneto-structural phase transition in high magnetic fields20. CCO is a
normal spinel oxide in which all of the Co2+ occupies the tetrahedral sites while Cr3+ resides
within in the octahedral sites. The electronic configurations of Co2+ and Cr3+ are 3d7 and
3d3 respectively, both having S = 3/215–17,21. When viewed along the (1 1 1) direction, CCO
consists of alternating stacked multi-layers with Cr3+ ions composing a Kagome´ (K) lattice
and a triangular (T) lattice while the Co2+ ions composing two triangular (T’) ones, forming
the stacking sequence [· · ·T’/K/T’/T· · · ]. The crystal structure of the CCO conventional
unit cell is depicted in Fig. 1(a). The 2D Kagome´ lattice plane is shown in Fig. 1(b)
with the typical Kagome´ unit cell outlined by yellow lines. To date, despite the conceptual
attractiveness of such geometrical design, the epitaxial growth of (1 1 1) oriented spinel
oxide thin films presents serious challenge due to the reported cation distribution disorder
and mixture of various transition metal oxidation states22–25.
In this Letter, we report on the layer-by-layer growth of high quality (1 1 1)-oriented
CCO thin films on Al2O3 (AlO) (0 0 0 1) single crystal substrates by the pulsed laser depo-
sition technique. The crystallinity, surface morphology, film thickness and atomic structure
are studied by in-situ high pressure reflection-high-energy-electron-diffraction (RHEED),
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atomic force microscopy (AFM), X-ray diffraction (XRD) and X-ray reflectivity (XRR).
Electronic and magnetic properties are extensively characterized by in-situ X-ray photoe-
mission spectroscopy (XPS), SQUID magnetometry and synchrotron-based X-ray resonant
magnetic scattering (XRMS). The combined data confirm that the (1 1 1) grown CCO sam-
ples maintain a normal spinel structure with no cation distribution disorder or multivalency
issue.
CCO thin films were fabricated under a partial pressure of 5 mTorr of oxygen by the
pulsed laser interval deposition method26 using a KrF excimer laser operating at λ = 248
nm. During the deposition, the substrate was kept at 800 ◦C. The laser’s intensity and
pulse rate were 2 J/cm2 and 18 Hz, respectively. Samples were annealed at the growth
condition for 10 min and then cooled down to room temperature. Fig. 1(c) displays the
RHEED pattern of the substrate before the deposition. As seen, the specular spot together
with the (-1, -1) and (1, 1) spots on the Laue circle and the strongly developed Kikuchi
lines testify the smooth morphology of the AlO (0 0 0 1) substrate27. During the deposition,
the recovery of the intensity of the specular reflection spot and the occurrence of the half
order spots indicate the 2D epitaxial growth of the film. After annealing and cooling down
to room temperature, RHEED patterns of the resultant sample are shown in Fig. 1(d).
The distinct spots from specular and off specular reflections with the well developed streak
patterns confirm excellent CCO thin film crystallinity and flat terraces. In addition, smooth
surface morphology is corroborated by the AFM imaging shown in Fig. 1(e); the obtained
average surface roughness is below 60 pm for a 1 µm by 1 µm scan.
It is of critical importance to ensuring the (1 1 1) growth direction is maintained through-
out the sample and determining the film thickness, thus we performed the X-ray diffraction
2θ-ω scans on CCO thin films as well as on the pure AlO substrate, together with a X-ray
reflectivity scans on the film using Cu Kα radiation. As shown in Fig. 2, the expected CCO
(2 2 2), (3 3 3) and (4 4 4) Bragg reflections are clearly seen, which testify that the sample
is (1 1 1) orientated. The lattice constant calculated from the peak position is 8.33 A˚, which
is in excellent agreement with the bulk value15. Based on the XRD pattern, no impurity
phases are detected. In addition, the inset in Fig 2 displays the X-ray reflectivity, yielding a
film thickness of about 25 nm according to the period of the thickness fringes that provides
additional evidence for the sample flatness.
Due to the well-known persistent multivalency problem in the thin film growth of spinel
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oxides, the proper valency of the Cr and Co ions must be confirmed. Fig. 3(a) and 3(b)
show XPS measurements taken on Cr and Co 2p core levels. As seen, Cr has two peaks at
about 577 eV and 587 eV which correspond to the 2p3/2 and 2p1/2 peaks indicating Cr is in
the trivalent state.28,29 The 2p3/2 and 2p1/2 peaks of Co are at 781 eV and 797 eV indicating
Co is in the divalent state28,29. In addition, no extra peaks from Cr2+, Cr4+ or Co3+ are
observed, which excludes the possibility of a multivalent charge state.
To further elucidate that the CCO thin film maintains the normal spinel structure without
cation disorder, XRMS experiments were carried out at beamline 4-ID-C of the Advanced
Photon Source (APS) in Argonne National Laboratory. Left (I+) and right (I−) polarized soft
x-rays with an incident angle of 15◦ were tuned to the L edges of Cr and Co and recorded in
scattering mode30. In the XRMS mode, the difference between I+ and I− near the absorption
edge represents the contribution to the scattering amplitude from uncompensated magnetic
moments of a specific chemical element31, while the sum I+ + I− is connected to the charge
state32. Figures 3(c) and 3(d) show the total reflectivity intensity (I+ + I−) of both Cr
and Co as a function of incident photon energy. As seen, the lineshapes of each element
measured at 15 K and 80 K are almost unchanged. The positions of the main absorption
edges L3 and L2 together with the satellite peaks are almost identical to the previous reported
study33, which implies all of the Cr3+ are in the octahedral sites while all the Co2+ sit in
the tetrahedral sites.
Next we discuss the magnetic properties of the CCO thin film. To this end, temperature
dependent magnetization was measured while cooling in an applied magnetic field of 0.2 T by
SQUID. As seen in Fig. 4(a), the ferrimagnetic phase transition occurs at a Tc around 95 K.
As the temperature further decreases, the collinear to incommensurate spiral ferrimagnetic
phase transition17 takes place at Ts ≈ 22 K. Element-specific spin alignments were further
investigated by XRMS spectra on Cr and Co L2,3 absorption edges at 15 K and 80 K in
different applied fields from 5 T to 0.1 T. All of the XRMS data have been normalized
by using the corresponding total reflectivity intensity. As presented in Fig. 4(b) and 4(c),
both Cr and Co exhibit significant XRMS signal in the vicinity of their absorption edges.
The maximal XRMS signal at Cr L3 edge is about +20% while that of Co is around -80%,
which indicate strong ferromagnetic ordering of the moments on each type of metal ions,
respectively. Note, the sign of the maximal XRMS signal is opposite for Cr and Co due to
the ferrimagnetic nature of this material, which implies the overall spin orientation of Cr is
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antiparallel to those of the Co ions. In Fig. 4(d), the magnitudes of the maximal XRMS
values of Cr and Co at 15 K and 80 K are plotted as a function of applied magnetic field
showing a saturation field of approximately 3 T. This is much larger than the reported bulk
values17,18,29 which are typically less than 0.6 T. This difference is attributed to the fact that
in the bulk the magnetic field is commonly applied along the CCO [0 0 1] direction which
is the spin easy axis.
In summary, we have successfully fabricated high quality (1 1 1)-oriented normal spinel
CCO thin films on AlO (0 0 0 1) substrate. The structural, electronic and magnetic prop-
erties are investigated by a combination of RHEED, XRD, XPS, XRMS and SQUID mea-
surements. No disorder of the cation distribution or multivalency is observed. Magnetic
measurements confirm the ferrimagnetic behavior. Since all the trivalent Cr are situated
in the octahedral sites, they compose magnetic Kagome´ planes naturally layered along this
orientation. The presented results pave a way for fabricating 2D-isolated Kagome´ het-
erostructures in which a plethora of novel quantum phenomena are expected.
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FIG. 1. (a) Schematic crystal structures of the CCO unit cell. Cr3+ ions along the (1 1 1)
orientation compose a Kagome´ lattice plane. (b) Detailed 2D Kagome´ lattice plane. The typical
corner-shared triangular structure is outlined by yellow lines. (c) RHEED patterns of AlO sub-
strate. (d) RHEED patterns of CCO thin films after cooling down to room temperature. Note,
the incident electron beam of the RHEED is fixed along the [1 1¯ 0 0] direction of the substrate.
(e) AFM image of the film surface after growth.
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FIG. 2. X-ray diffraction of CCO thin films and the AlO substrate. Film peaks are labeled on the
graph. The sharp peaks belong to the AlO (0 0 0 1) substrate. Note, the lattice constant obtained
is 8.34 A˚, which equals the bulk value. The inset is the X-ray reflectivity data of the same sample.
Film thickness calculated according to the Kiessig fringes is about 25 nm.
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FIG. 3. (a)-(b) Core level XPS data (Mg anode) of (a) Cr 2p and (b) Co 2p. (c)-(d) X-ray
scattering spectra measured at 15 K and 80 K on the L edge of (c) Cr and (d) Co.
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FIG. 4. (a) Temperature-dependent magnetization curves of CCO in an applied field of 0.2 T
along the [1 1¯ 0 0] direction of the substrate. The inset is a magnified plot in the vicinity of the
second transition point. (b)-(c) XRMS data on the L edge of (b) Co and (c) Cr measured with
different applied magnetic fields at 15 K. The color series of red, green, blue and pink stands for
field strength of 5 T, 3 T, 1 T and 0.1 T, respectively. (d) Absolute values of Co and Cr XRMS
main peaks as a function of applied field and temperature.
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